Abstract -By reversing the polarity of extraction,voltage for a liquid metal ioli source, we measured I-V characteristics and observed emission patterns of field-emitted electrons. The Fowler-Nordheim plot of emissions from cleaned liquid surface did not fit a straight line. Emission patterns showed stable protrusions formed on the emitter tip. In order to study application feasibility of this electron source, further experiment was made by measuring the angular current density dI/dQ and detecting.SEM images.
Introduction
The liquid metal ion source (LMIS) has been investigated by many researchers for applications to microelectronic fabrication, microsurface analysis and the like.
Because of its advantage, point source with a very high brightness, a submicron beam is easily obtained from LMIS in combination with the focused ion beam technique.
Since the LMIS has a construction very similar to the field emission (FE) electron gun.
one can expect its potential to work as an electron source. Only the difference in construction between LMIS and conventional FE gun is whether the phase of emitter metal is in liquid or solid.
If the FE phenomenon takes place with a metal in liquid phase, the application of LMIS is certainly expanded to provide a novel probe which performs complementary functions of ion and electron sources with a single gun assembly.
Swanson and Schwind first noticed this potential of LMIS.(l) They made experiments of FE from Ga-In liquid alloy, and observed periodic pulsed emissions. In our recent study with Ga-In-Sn alloy, however, a DC mode FE was obtained under the condition of smallness in the liquid volume at the tip surface, or apex radius of the tip.(2,3)
As for the shape of liquid apex at the cathode tip, however, a clear explanation was still difficult.
In this paper, we propose an elucidation from emission patterns. Scanning electron microscope (SEM) images were also taken as an attempt for application of the liquid metal electron gun.
Experimental
Experiment was made by means o f a home-made vacuum column with an einzel lens and a set of parallel deflectors as shown in figure 1. A quadrant extractor and a disc anode were employed to measure angular current density d~/ d Q and observe SEM images.
In the ion emission mode of LMIS. it is reported that the emission easily goes off-axis with a sharp tungsten tip. (4) In order to obtain DC mode electron emission from LMIS, the tip radius should be smaller than 1 -p ( 3 ) .
Under this condition, however, the off-axis emission often took place, much the same as the ion.emission mode. Thus we added a self-aligning function to the extractor by con- In the measurement of emission patterns and I-V characteristics. d grounded disc extractor was used instead of the quadrant and the anode. because the quadrant gives an axially asymmetric lens effect which warps the emission pattern. A fluorescent screen was placed 55 mn down from the extractor to observe the emission pattern, which we looked at through a window with a dip of 20°.
The LMIS we used is of needle type and equipped with a reservoir entwined by a coil heater.
A tungsten needle with diameter of 0.5 m and apex radius of ca. 0.2 )Im can be put in and out through a hole at the bottom center of the reservoir easily with a micrometer knob from outside of vacuum. This mechanism allows one to adjust the distance between the tip and the extractor, and also to change the volume of liquid metal adhered on to the tip even during emission. In this experiment, we chose Li as the source metal, which is suited as cathode material due to its low work function of 2.9 eV ( 5 ) and low vapor pressure of ca. 1 x 10'~~~orr(6) at the melting point of 1 8 0 .~~~. Moreover, Li looks adequate for use with tungsten tip in view of adhesion through a past experiment of ion beam extraction. Throughout the experiment, the base pressure was 1 x 10 -' Torr.
Results and Discussion

Field Emission Patterns
When emission patterns are observed, a special attention should be paid to purity of the liquid metal surface.
We compared emission patterns of the Li emitter before and after the cleaning. It is found that the threshold voltages are 3.9 and 1.3 kV for emissions of ions and electrons, respectively. Since the field strength at the emitter tip during field emission of electrons is only a fraction of that for field evaporation, the on-structured patterns are not caused by the Taylor cone which is believed as the emission source for the ion extraction. However, considering the FN plot in figure 3 which may represent a deformation effect due to the electric field as well as the fact that brightness of the nonstructured pattern is stable at voltages ranging 1 to 2 kV, it is supposed that one or more protrusions stabilized by the electric field is formed at the apex of the liquid cathode.
Our speculation on this point is as follows:
In the field strength range of the steady field emission, micro-protrusions smaller than the so-called Taylor cone are formed at several sites on the tip surface.
As the field strength goes higher, these micro-protrusions grow not only in the number but also in the size supplied by the material flowing down to the apex, causing an increase of the liquid volume.
When the field exceeds the strength for the steady emission mode, the pulsed emission starts.
Bell, et a1. (4) 
Angular Current Density
We formerly reported that field emitted electrons from a liquid alloy gave dI/dr(Z of several pA/sr. (2) This low value was probably caused by off-axis emission. In this experiment, therefore, a quadrant extractor was employed, instead Fig 
TOTAL CURRENT [IJA] of t h e c o n v e n t i o n a l a p e r t u r e d d i s c , t o g i v e s e l f -a l i g n i n g f u n c t i o n by r e s t r i c t i n g t h e s o l i d a n g l e of t h e whole probe.
An a p e r t u r e w i t h t h e h a l f a n g l e of 0.9
m a d was a d d i t i o n a l l y used. The d I / d n was c a l c u l a t e d from t h e measured c u r r e n t d i v i d e d by t h e s o l i d a n g l e of t h e a d d i t i o n a l a p e r t u r e .
F i g u r e 5 shows t h e s e r e s u l t s , dI/dLL vs. t o t a l c u r r e n t , f o r both e l e c t r o n and i o n beams. The t o t a l c u r r e n t of 10 pA gave about 40 p A / s r Using an improved optics eliminating the coma aberration, we should have obtained a better resolution in SEM than SIM, because of the chromatic aberration for FE electrons far less than EHD ions.
Since a flicker noise appears in .FE electrons (7). 1ower.vacuum pressure will be required to stabilize the beam current.
Real-time switching between SEM and SIM modes was difficult in this experiment because we had to readjust the extraction voltage and the amplifier gain for different I-V characteristics in electron and ion modes. and also realign the cheap optics mechanically. FE patterns with no structure were observed with a liquid Li cathode sufficiently cleaned.
When these patterns are obtained, the FN plot deviates from a straight line and it implies a deformation of liquid metal by the electric field. This means that field stabilized cones are formed on top of the cathode.
It is not certain if these cones are the Taylor's.
The angular current density dI/dhZ was measured both for electron and ion beams extracted from liquid Li; both of these values were ca. 40 pA/sr at the total current of 10 pA.
SEM and SIM images were observed in-situ though the resolution in both cases was limited to several pm by misalignment of the electrostatic optics. From this, however, we may expect that the microelectronic fabrication by an ion beam can be achieved in combination with the position assignment through in-situ observation of the target by an electron beam.
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